Hole Localization in Underdoped Superconducting Cuprates Near 1/8th
  Doping by Cohn, J. L. et al.
ar
X
iv
:c
on
d-
m
at
/9
81
10
60
v1
  [
co
nd
-m
at.
su
pr
-co
n]
  4
 N
ov
 19
98
Hole Localization in Underdoped Superconducting Cuprates Near 1/8th Doping
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Measurements of thermal conductivity versus temperature over a broad range of doping in
YBa2Cu3O6+x and HgBa2Can−1CunO2n+2+δ (n=1,2,3) suggest that small domains of localized
holes develop for hole concentrations near p=1/8. The data imply a mechanism for localization that
is intrinsic to the CuO2-planes and is enhanced via pinning associated with oxygen-vacancy clusters.
PACS numbers: 74.72.-h, 74.25.Fy, 74.25.Bt, 74.25.Dw
There has been considerable recent interest in novel
charge- and spin-ordered phases which may compete with
superconductivity in the cuprates [1]. This stripe order is
favored at CuO2 planar hole concentrations near p=1/8
for which the modulation wavelength is commensurate
with the lattice, and when an appropriate pinning poten-
tial is present. Inelastic neutron scattering results [2] sug-
gest that stripe modulations are disordered and/or fluc-
tuating in La1−xSrxCuO4 (La-214) and YBa2Cu3O6+x
(Y-123). Nuclear magnetic and quadrupole resonance
(NMR and NQR) studies [3,4] indicate the presence of
localized holes in the CuO2 planes. Whether localized
holes are a general feature of cuprates and contribute
to short-ranged charge/spin segregation and the normal-
state pseudogap [5,6] are fundamental issues of current
interest.
Here we report the observation of anomalies at p=1/8
revealed in the oxygen doping dependence of thermal con-
ductivity (κ) in Y-123 and Hg cuprates. Our principal
finding is that a fraction of the doped holes in the CuO2
planes become localized near this particular doping level.
This fraction correlates with the oxygen vacancy concen-
tration in the charge reservoir layers, consistent with the
formation of nanoscale, hole-localized domains that are
pinned near oxygen-vacancy clusters.
Two prominent characteristics of the in-plane heat con-
ductivity in superconducting cuprates [7] are a normal-
state κ predominantly of lattice origin, and an abrupt
increase in κ at T ≤ Tc. To motivate our proposal that
κ probes localized holes, we demonstrate for Y-123 that
its magnitude and temperature derivative at Tc corre-
late with independent measures of local structural dis-
tortions (planar Cu NQR) and the superfluid fraction
(specific heat jump), respectively, throughout the under-
doped regime (p ≤ 0.16). Consider data from previous
work [8] that illustrate the p=1/8 features in κ (Fig. 1).
The upper panel shows normal-state data, κ(p, T=100K),
for an Y-123 polycrystal and the ab-plane of single crys-
tals. The lower panel shows, for the same specimens,
the dimensionless slope change in κ at Tc defined as [8]
Γ ≡ −d(κs/κn)/dt|t=1, where t = T/Tc and κ
s(κn) is the
thermal conductivity in the superconducting (normal)
state. Γ measures the change in scattering of heat carri-
ers (electrons and phonons) induced by superconductiv-
ity. Both quantities exhibit local minima near p=1/8.
Figure 1 (a) implies a sharply reduced lattice con-
ductivity (κL) about p=1/8, since the electronic thermal
conduc-
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FIG. 1. (a) Doping dependence of the normal-state κ at
T=100K for Y-123 polycrystals and the ab-plane of single
crystals from Ref. [8]. Values of p were determined from ther-
mopower measurements following Ref. [9] Also plotted (×’s,
right ordinate) is (0.08 + 0.16INQR)
−1, where INQR is the
anomalous planar 63Cu NQR signal (Ref. [4], see text). The
dashed curve is a guide to the eye. The solid curve is dis-
cussed in the text. (b) The normalized slope change in κ(T )
at Tc vs doping for each of the Y-123 specimens in (a). Also
shown are the normalized electronic specific heat jump, ∆γ/γ,
from Ref. [5] (×’s), and the µSR depolarization rate (in µs−1)
from Ref. [12] (solid curve), divided by 1.4 and 2.7, respec-
tively, and referred to the right ordinate. The dashed curve
is described in the text.
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tivity (κe) at T > Tc in optimally doped, single-crystalY-
123 represents only ∼10% of the total κ = κe + κL [10].
We attribute this suppression in κL to phonon scattering
by local distortions of the CuO polyhedra. In support
of this interpretation is the doping behavior of the rel-
ative intensity (INQR) of anomalous planar
63Cu NQR
peaks for Y-123, indicative of charge inhomogeneity in
the planes, and attributed to the presence of localized
holes [4]. The simple assumption that the total thermal
resistivity is a sum of a term proportional to this disorder
(∝ INQR), and a constant term from other scattering, re-
produces κ(p) quite well [crosses, Fig. 1 (a)]. Studies of κ
in lightly-doped insulating cuprates and structurally sim-
ilar manganites [11] provide further evidence that bond
disorder associated with localized charge is an effective
phonon scattering mechanism in perovskites.
The electronic specific heat jump for Y-123 [5],
∆γ/γ(p) [crosses, Fig. 1 (b)], correlates remarkably with
Γ(p). Though the origin of the slope change in κ at
Tc (i.e. electronic or phononic) has been a subject of
some debate, this correlation demonstrates unambigu-
ously that Γ, like ∆γ/γ, measures the difference between
the normal- and superconducting-state low-energy elec-
tronic spectral weight. This conclusion is robust since the
correlation holds for both polycrystals and single crys-
tals; in spite of additional thermal resistance due to c-axis
heat flow and granularity in the polycrystal, changes with
doping reflect the intrinsic behavior of the in-plane heat
conduction.
The muon spin rotation (µSR) depolarization rate (σ0)
[12], a measure of the superfluid density, matches the
data for Γ and ∆γ/γ at p < 0.09 and p > 0.15 when suit-
ably scaled [solid curve in Fig. 1 (b)]. The sharp rise in
σ0 for p > 0.15 is due to the superconducting condensate
on oxygen-filled chains [12]. The range of p over which
Γ and ∆γ/γ deviate from the µSR curve coincides with
the range of suppressed κ. The suppressed transfer of
spectral weight below Tc is consistent with the localiza-
tion of a fraction of planar holes. That σ0 is not also
suppressed near p=1/8 indicates that hole-localized do-
mains do not inhibit the formation of a flux lattice in ad-
jacent regions where holes are itinerant. The scenario we
have outlined resolves the prior inconsistency of the non-
monotonic ∆γ/γ doping behavior with the continuously
rising pseudogap energy scale, inferred from numerous
experiments in the underdoped regime [5,6].
If our interpretation is correct the maximum density
of localized holes occurs at p = 1/8. This suggests a pos-
sible connection with the physics of stripe formation and
raises questions about the generality of this phenomenon
and the role of oxygen vacancies. To address these is-
sues we have studied κ in HgBa2Cam−1CumO2m+2+δ
[Hg-1201 (m=1), Hg-1212 (m=2), Hg-1223 (m=3)]. A
single HgOδ layer per unit cell contributes charge to m
planes in Hg-12(m-1)m so that the oxygen vacancy con-
centration, 1 − δ, increases with decreasing m (at opti-
mum doping, δopt ≃ 0.18 (Hg-1201), 0.35 (Hg-1212) and
0.41 (Hg-1223) [13]).
The preparation of the polycrystalline starting ma-
terials is described elsewhere [14]. Transport measure-
ments were performed on specimens (∼ 1 × 1 × 3mm3)
cut from as-prepared disks; each was measured repeat-
edly up to ten times after successive heat treatments at
300-350◦C in flowing argon or vacuum to reduce the oxy-
gen content. The thermopower (S) and thermal conduc-
tivity were measured during each experimental run us-
ing 25µm type-E thermocouples and a steady-state tech-
nique. Heat losses via radiation and conduction through
the leads (10-15% near 300K and 1-3% for T < 120K)
were determined in separate experiments and the κ data
corrected. Uncertainty in the contact geometry intro-
duces a ±5% inaccuracy in κ.
Figure 2 shows S(T ) and κ(T ) for the Hg-1212 spec-
imen. The thermopower curves are labeled by p, as
determined from S(290K) and the universal S(p) re-
lations established by Tallon et al [9]. Data for Hg-
1201 and Hg-1223 yield similar sets of curves. Fig-
ure 3 shows Tc(p)/T
max
c for each of the materials
studied. The data follow the generic high-Tc phase
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FIG. 2. (a) Thermoelectric power and (b) thermal con-
ductivity vs temperature for Hg-1212. Data at p = 0.121
and p = 0.132 are omitted from both (a) and (b) for clarity.
The inset shows κ(T ) near Tc and extrapolated κ
n curves for
p = 0.153.
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curve [9], approximated well by the parabolic form,
Tc(p)/T
max
c = 1− 82.6(p− 0.15)
2 (solid curve, Fig. 3).
The doping dependencies, κ(p, T/Tmaxc = 1.2) and
Γ(p) for each material are shown in Fig. 4 (a) and (b), re-
spectively. As for the Y-123 data [8], κn was determined
by polynomial fits to the normal-state data at t ≥ 1.2
(see inset, Fig. 2). Uncertainties in the heat-loss correc-
tions and extrapolations of κn in the range 0.9 ≤ t < 1.2
are reflected in the error bars for Γ. Uncertainties in the
extrapolations were established by varying the range of
data and polynomial order used for fitting.
The data for the Hg materials are qualitatively similar
to that of Y-123, but with the magnitude of suppres-
sion near p=1/8 in κ and Γ increasing with the oxygen
vacancy concentration. Consider first the Γ(p) data for
Hg-1223 which falls on an inverted parabola, centered
near p = 0.16 [solid curve, Fig. 4 (b)]. This behavior is
similar to the µSR curve for Y-123, and suggests that
the superconducting condensate is not suppressed in Hg-
1223. An extension of our interpretation for Y-123 im-
plies that very few holes are localized in this compound.
The Γ data for underdoped Hg-1201 and Hg-1212 are
suppressed relative to that of Hg-1223 and maximally so
near p=1/8, consistent with the localization of a fraction
of holes.
A similar behavior is seen in the κ data. For p ≤ 0.16,
Hg-1212 has κ(p) indistinguishable from that of Hg-1223,
except in the narrow range of p near 1/8 where it is
sharply suppressed. κ for Hg-1201 is substantially sup-
pressed over a broader doping range. The implication
is that in the absence of localized holes, κ for under-
doped Hg-1201 and Hg-1212 would follow the solid curve
in Fig. 4 (b), an interpolation through a composite of
data for all three compounds, excluding the data point
at p ≃ 0.18 for Hg-1223 and ranges of p for Hg-1212 and
Hg-1201 where κ is suppressed. The increase in κ(p) in
the overdoped regime (p ≥ 0.16) for all compounds is
presumably due to the rising κe, and possibly to a ris-
ing κL as well, the latter due, e.g., to a decrease in the
phonon-electron scattering.
Our data suggest that the maximum in κ(p) observed
near p=1/8 for Hg-1223 is an intrinsic feature of κL
in underdoped cuprates. From kinetic theory, κL =
1/3CLv
2τ , where CL is the lattice specific heat, v is the
sound velocity, and τ the phonon relaxation time. Inter-
estingly the behavior of the normal-state elastic constants
(∝ v2) of single-crystal La-214 [15] parallels that of κ for
Hg-1223. A substantial hardening of the lattice in the un-
derdoped regime, with a maximum near p = x ≃1/8, is
observed for all symmetries (shear mode data are shown
in the inset, Fig. 4). An increasing v2 is expected quite
generally from elastic coupling to conduction electrons
for a decreasing electronic density of states (the pseu-
dogap) [16]. The appearance of a maximum suggests
a competing effect, possibly related to the increasingly
magnetic character of the planes. Thus the maximum
in κ for underdoped Hg-1223 is plausibly attributed to
a renormalized dispersion, and its suppression in com-
pounds with localized holes to increased scattering. In
spite of the oversimplification implicit in kinetic theory,
these observations suggest that in the absence of local-
ized holes, κ(p) for Y-123 would have a similar behavior
[solid curve, Fig. 1 (a)].
Our interpretation dictates a proportionality be-
tween the suppression of κ and Γ, allowing for
a self-consistency check. The lattice thermal re-
,
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FIG. 4. (a) Doping dependence of the normal-state κ at
T/Tmaxc = 1.2 for each of the Hg compounds. Dashed curves
are guides to the eye and the solid curve is described in the
text. (b) The normalized slope change in κ(T ) at Tc vs doping
for each of the Hg compounds at the same doping levels as in
(a). The solid line is 1.71−250(p− .157)2 . Dashed curves are
described in the text. The inset shows elastic constant data
from Ref. [15].
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sistivity (W ≃ 1/κ) introduced by randomly-distributed,
hole-localized domains should be proportional to their
volume fraction since κ is a bulk probe. We then ex-
pect Γ (and ∆γ/γ) to be suppressed by an amount pro-
portional to the same fraction, i.e. ∆Γ(p) = a∆W (p),
where ∆Γ and ∆W are the amounts by which the mea-
sured Γ and W differ from values given by the solid
curves in Fig.’s 1 and 4. This simple relation agrees
very well with the data [dashed curves in Fig.’s 1 (b)
and 4 (b)] using a1212 ≃ 1.7W/mK, a1201 ≃ 2.6W/mK,
and aY−123 ≃ 2.8W/mK.
The Hg data make it clear that oxygen vacancies
play only a supporting role in the localization of holes.
The importance of 1/8th doping implies that the phe-
nomenon involves an excitation of the CuO2 planes that
is commensurate with the lattice. A plausible candidate
is a small domain of static stripe order [1], nucleated
via pinning by a vacancy-induced mechanism. Recent
Raman scattering studies of optimally-doped Hg com-
pounds [17] implicate vacancy clusters in pinning: the
oscillator strength of the 590 cm−1 mode, attributed to
c-axis vibrations of apical oxygen in an environment of
four vacant nearest-neighbor dopant sites, scales with
∆κ and ∆Γ. Oxygen vacancies in both Y-123 and Hg
cuprates [13,18] displace neighboring Ba2+ toward the
CuO2 planes. Resulting local distortions of the CuO
polyhedra could pin a charge stripe as do the octahedral
tilts in (La,Nd)-214 [1]. Alternatively, a magnetic mecha-
nism is possible. In the Hg cuprates the shift of Ba atoms
associated with a cluster of four vacancies nearest a CuO
polyhedron will induce a positive potential in the planes
that inhibits its occupation by a hole, thereby suppress-
ing spin fluctuations and possibly fixing a Cu2+ spin at
the site. Larger vacancy clusters, surrounding adjacent
CuO polyhedra oriented along 〈100〉 directions, may in-
duce several spins to order antiferromagnetically via su-
perexchange. The presence of this spin-chain fragment
would favor charge/spin segregation that is characteris-
tic of stripe order.
Consider the relevant length scales. If randomly dis-
tributed, static stripe domains are to scatter phonons,
their in-plane extent must be less than the phonon mean-
free-path, Λ, and their mean separation comparable to Λ.
Expressing Λ−1 as a sum of terms for scattering by these
domains and by all other processes, Λ−1 = Λ−1str+Λ
−1
other,
we use the in-plane thermal resistivity for Y-123 and ki-
netic theory to find [19] Λstr ≃ [3/CLv∆W (p=1/8)] ≃
70A˚ as an estimate of the separation between domains at
p=1/8. We can make a rough estimate of the fractional
area of the planes having static stripes by taking the typ-
ical domain size to be 2a× 8a (a is the lattice constant),
the stripe unit cell suggested [1] for (La,Nd)-214. This
yields a fraction 16(a/Λstr)
2 ≃ 0.05. The Γ data suggest
that this fraction is somewhat higher in Hg-1201, but
apparently below the 2-D percolation threshold of 0.50.
This presumably explains why no substantial Tc suppres-
sion is observed near p=1/8 in Y-123 or the Hg cuprates,
in contrast to the case of (La,Nd)-124; stripe domains in
the latter system have longer-range order (≥ 170A˚) [1].
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